Abstract The catalytic action of Mo 2 N and Au/Mo 2 N has been assessed in the selective gas phase hydrogenation of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN). The nitrides were synthesised via temperature programmed treatment of MoO 3 in H 2 ? N 2 and Au introduced by deposition-precipitation with urea. We have examined the influence of nitride crystallographic phase (tetragonal b-Mo 2 N vs. cubic c-Mo 2 N) and surface area (7-66 m 2 g -1 ) on the catalytic response. Catalyst activation by temperature programmed reduction has been monitored and the reduced catalysts characterised in terms of BET area/pore volume, H 2 chemisorption/temperature programmed desorption (TPD), powder X-ray diffraction (XRD), elemental analysis, scanning (SEM) and transmission (TEM) electron microscopy and X-ray photoelectron spectroscopy (XPS) measurements. The formation of b-and c-Mo 2 N was confirmed by XRD and TEM. c-Mo 2 N exhibits a platelet morphology whereas b-Mo 2 N is characterised by an aggregation of small crystallites. Hydrogen chemisorption and TPD analysis have established a greater hydrogen uptake capacity (per unit area) for b-Mo 2 N relative to c-Mo 2 N, which is associated with surface nitrogen deficiency, i.e. higher surface Mo/N for b-Mo 2 N. Incorporation of Au on both nitrides resulted in an increase in surface hydrogen. The Au phase takes the form of nanoscale particles with a mean size of 7 and 4 nm on b-Mo 2 N and c-Mo 2 N, respectively. Both b-Mo 2 N and c-Mo 2 N promoted the exclusive hydrogenation of p-CNB to p-CAN where the b-form delivered a higher specific (per m 2 ) rate; the specific rate for c-Mo 2 N was independent of surface area. The inclusion of Au on both nitrides served to enhance p-CAN production.
Introduction
The application of transition metal nitrides as hydrotreating catalysts is now established [1] [2] [3] . The use of molybdenum nitride (Mo 2 N) to promote hydrogen mediated reactions has been considered to a limited extent with evidence of significant hydrogenation activity [4] [5] [6] [7] [8] [9] . This has been ascribed to a contraction of the d-band and modification of electron density due to the interstitial incorporation of N in the metal lattice, which facilitates hydrogen adsorption/ activation [10] . A distinct selectivity response has been observed for Mo 2 N when compared with conventional supported metal (e.g. Pd or Pt) catalysts [5, 6, 8] . Indeed, the preferential formation of crotyl alcohol (from crotonaldehyde) [6] and ethene (from ethyne) [5] has been reported for reaction over Mo 2 N with enhanced selectivities relative to Pd/Al 2 O 3 . We have recently established the synthesis of b-phase b-Mo 2 N [8] , with application in the selective hydrogenation of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN) in both continuous gas [11] and batch liquid [11, 12] operation. p-CAN is a high value chemical extensively used in the manufacture of fine chemicals but existing production routes exhibit serious drawbacks in terms of low selectivity and the generation of toxic waste [13] . We have now extended the earlier work to consider the role of nitride crystallographic phase and surface area in gas phase hydrogenation.
In the synthesis of nitrides via temperature programmed reduction-nitridation, a number of factors have been proposed to influence the MoN x phase, including the nature of the precursor [14] and preparation conditions [15] [16] [17] , i.e. gas composition/space velocity, heating rate and final temperature. Cubic c-Mo 2 N has been the most common crystallographic form obtained via thermal treatment of MoO 3 in NH 3 [14, 15] . The use of H 2 ? N 2 mixtures can generate either (tetragonal) b-Mo 2 N [18] [19] [20] or c-Mo 2 N [16, 21, 22] . Moreover, the formation of (hexagonal) d-MoN from MoS 2 ? NH 3 has also been reported [23] . The synthesis of high surface area (up to 225 m 2 g -1 ) Mo 2 N requires a low temperature ramp rate (B1 K min -1 ) [16] and/or high gas space velocity (up to 150,000 h -1 ) [24] to circumvent hydrothermal sintering resulting from water released [22] . b-Mo 2 N typically exhibits low surface areas (2-17 m 2 g -1 ) [8, 19, 20] whereas higher values are characteristic of c-Mo 2 N (5-225 m 2 g -1 ) [25] [26] [27] . The effect of the nitride crystallographic phase in terms of hydrogenation applications has not been studied in a systematic manner. It is, however, worth noting that, in the case of ammonia synthesis [18] and carbazole hydrodenitrogenation [15] , b-Mo 2 N delivered a higher surface area normalised activity when compared with c-Mo 2 N and d-MoN. A definitive correlation between catalytic activity and nitride area, irrespective of phase, has yet to be established. Hydrogen uptake, which is dependent on surface area and crystallographic phase [28] [29] [30] , can play a critical role in determining hydrogenation rate. McKay and co-workers [18] have shown that specific activity (per m 2 ) for ammonia synthesis over b-Mo 2 N was independent of surface area. In contrast, specific activities for thiophene desulfurisation [16] and pyridine hydrodenitrogenation [31] were found to decrease with increasing c-Mo 2 N area (from 4 to 193 m 2 g -1 ). In this report, we consider for the first time the independent effect(s) of varying surface area (7-66 m 2 g -1 ) and Mo 2 N crystallographic phase (b-and c-) on p-CNB hydrogenation performance. Moreover, with a view to enhancing overall catalyst performance, we have assessed the role of Au as promoter. The use of promoters with Mo 2 N catalysts has not been addressed to any significant extent. We should note that an increase in activity has been demonstrated for methanol steam reforming (with lower CO 2 production) over Mo 2 N with the addition of Pd, Pt and Ni [32] and thiophene hydrodesulfurisation due to the inclusion of Co [33] .
Experimental

Mo 2 N Synthesis
The MoO 3 (99.9995 % w/w) precursor was obtained from Alfa Aesar. Mo 2 N synthesis was conducted via temperature programmed treatment in H 2 /N 2 or H 2 /N 2 /Ar continuous flow at atmospheric pressure. b-Mo 2 N synthesis was carried out in a commercial CHEM-BET 3000 (Quantachrome) unit; c-Mo 2 N preparation employed a fixed bed reactor. As Mo 2 N powders produced in reducing gases are subject to self-ignition on contact with air [34] resulting in a significant loss of surface area and modification to the crystal structure, the samples were passivated at 293 K in 1 % v/v O 2 /He for ex situ analysis. There was no detectable temperature increase during passivation.
b-Mo 2 N
The MoO 3 precursor was loaded in a quartz cell (3.76 mm i.d.) and contacted with 15 cm 3 min -1 (Brooks mass flow controlled; GHSV = 1,500 h -1 ) H 2 /N 2 , kept at 293 K for 1 h and then heated at 5 K min -1 to 933 K, maintaining the final temperature for 18 h. The reaction was quenched by switching to an Ar flow (65 cm 3 min -1 ) and the sample was cooled to ambient temperature.
c-Mo 2 N
The MoO 3 precursor was placed in a horizontally mounted quartz reactor (i.d. = 10 mm), flushed with dry high purity Ar (99.9 % v/v) at 400 cm 3 min -1 (GHSV = 24,000 h -1 ) for 4 h and heated to 623 K (at 5 K min -1 ), which was maintained for 4 h. A 400 cm 3 min -1 flow of 8/42/50 % v/v N 2 /H 2 /Ar was then introduced and the temperature held constant for 2 h. Two c-Mo 2 N samples were prepared using different temperature ramping rates. The synthesis conditions were selected based on published literature [16] that has established a dependence of nitride surface area (34- (sample denoted as c-Mo 2 N-a) or 0.1 K min -1 (c-Mo 2 N-b), maintaining the final isothermal hold for 2-13 h. The sample was quenched in Ar and rapidly (\30 min) cooled to ambient temperature; the latter step was facilitated by contacting the reactor with an external high velocity air flow.
Au/Mo 2 N Preparation and Activation
Au/b-Mo 2 N, Au/c-Mo 2 N-a and Au/c-Mo 2 N-b (with a nominal Au loading = 1 mol.%) were prepared by depositionprecipitation (D-P). A suspension of HAuCl 4 (300 cm 3 , 3.32 9 10 -4 M), aqueous urea (100 cm 3 , 0.86 M) and the passivated nitride support (2 g), were stirred (300 rpm) and heated (1 K min -1 ) to 353 K, maintaining the final temperature for 2.5 h. The D-P process was performed in the dark in order to avoid formation of metallic colloids in solution by photoreduction of Au(III) [35] . It has been reported that a high residual chloride content ([300 ppm) can induce the formation of large ([20 nm) Au particles [36] while the chloride can poison the catalytically active sites [37] . In order to circumvent these negative effects, the catalyst precursor was filtered, washed with distilled water until the wash water was Cl-free (based on the AgNO 3 test), dried in He (45 cm 3 min -1 ) at 383 K for 3 h and sieved into a batch of 75 lm average particle diameter. The samples were kept at 277 K under He in the dark in order to prevent Au agglomeration, which has been reported for storage in air and in the light [38] .
Characterisation
The pH values associated with the point of zero charge (pH PZC ) of the nitrides were determined using the potentiometric mass titration technique [39] . In each case, three different masses (0.025, 0.050 and 0.075 g) were immersed in 50 cm 3 0.1 M NaCl to which a known amount of NaOH (0.1 M) was added to adjust the pH to ca. 11. After stabilisation of the pH (ca. 1 h), titration of the samples was performed under continuous agitation in a He atmosphere with HCl (0.1 M). Temporal changes to pH were measured using a crystal-body electrode coupled to a data logging and collection system (Pico Technology Ltd.) where pH PZC was obtained from the intersection of the temporal pH profiles. Calibration was performed with standard buffer solutions (pH 4 and 7). Temperature programmed reduction (TPR), BET surface area, total pore volume, H 2 chemisorption and temperature programmed desorption (TPD) were determined using the commercial CHEM-BET 3000 (Quantachrome) unit. The samples were loaded into a U-shaped Quartz cell (3.76 mm i.d.) and heated in 17 cm to 673 ± 1 K. The effluent gas passed through a liquid N 2 trap and changes in H 2 consumption were monitored by TCD with data acquisition using the TPR Win TM software. The activated samples were maintained at the final temperature in a constant flow of H 2 /N 2 until return of the signal to baseline, swept with 65 cm 3 min -1 N 2 for 1.5 h and cooled to room temperature. The samples were then subjected to H 2 chemisorption using a pulse (10 ll) titration procedure, followed by H 2 -TPD in N 2 (65 cm 3 min -1 ) at 45 K min -1 to 933 K with an isothermal hold until the signal returned to the baseline. BET areas and pore volumes were determined, respectively, in 30 and 95 % v/v N 2 /He using undiluted N 2 as internal standard. At least 3 cycles of N 2 adsorptiondesorption in the flow mode were employed to determine total area and pore volume using the standard single point method. The measurements were reproducible to within ±8 % and the values quoted represent the mean.
Powder X-ray diffractograms were recorded on a Bruker/ Siemens D500 incident X-ray diffractometer with Cu Ka radiation. The samples were scanned at a rate of 0.02°step Analysis by scanning electron microscopy (SEM) was conducted on a Philips FEI XL30-FEG equipped with an Everhart-Thornley secondary-electron detector, operated at an accelerating voltage of 10-15 kV and using NORAN System SIX (version 1.6) for data acquisition. Before analysis, the samples underwent a hydrocarbon decontamination treatment using a plasma-cleaner (EVACTRON). Elemental (nitrogen) analyses were conducted using an Exeter CE-440 Elemental Analyser after sample combustion at ca. 1,873 K. The Au content was measured by atomic absorption spectroscopy (Shimadzu AA-6650 spectrometer with an air-acetylene flame) from the diluted extract in aqua regia (25 % v/v HNO 3 /HCl). X-ray photoelectron spectroscopy (XPS) analyses were conducted on an Axis Ultra instrument (Kratos) using a monochromatic Al Ka X-ray source (1486.6 eV). Prior to analysis, the nitride sample was adhered to a conducting carbon tape, mounted in the sample holder and subjected to ultra-high vacuum conditions (\10 -8 Torr). The source power was maintained at 150 W and the emitted photoelectrons were sampled from a square area of 750 9 350 lm 2 ; the photoelectron take-off angle was 90°. The analyser pass energy was 80 eV for survey spectra (0-1,000 eV) and 40 eV for high resolution spectra (over the Mo 3d 3/2 and Mo 3d 5/2 binding energy (BE) range, 227-239 eV). Sputtering of the surface (for 1 min) with a 3 keV argon ion beam was employed to remove the passivating layer and reveal the sub-surface composition. The adventitious C 1 s peak was calibrated at 284.5 eV and used as internal standard to compensate for any charging effects. The instrument work function was calibrated to give a BE of 84.00 eV for the Au 4f 7/2 line of metallic gold (Metalor) and the spectrometer dispersion was adjusted to give a BE of 932.70 eV for the Cu 2p 3/2 line of metallic copper (Metalor). Quantification of the XPS signal employed the CasaXPS software, using relative sensitivity factors provided by Kratos. High resolution transmission electron microscopy analyses were performed on a JEOL JEM 2011 unit with a UTW energy dispersive X-ray detector (Oxford Instruments) operated at an accelerating voltage of 200 kV; Gatan DigitalMicrograph 3.4 was employed for data acquisition. Samples for analysis were prepared by dispersion in acetone and deposited on a holey carbon/Cu grid (300 Mesh). Up to 320 individual Au particles were counted for each catalyst and the mean metal particle sizes are quoted as the number average (d TEM ).
Analytical Method and Catalytic System
Materials and Analytical method
All the gases (H 2 and N 2 , Ar, O 2 and He) employed were of ultra high purity ([99.99, BOC). p-CNB (Sigma-Aldrich, C99 %) reactant and solvent (ethanol, Sigma Aldrich, C99.8 %) were used without further purification. The composition of the reactant/product mixtures was determined using a Perkin-Elmer Auto System XL chromatograph equipped with a programmed split/splitless injector and a flame ionisation detector, employing a DB-1 capillary column (i.d. = 0.33 mm, length = 30 m, film thickness = 0.20 lm). Data acquisition/manipulation was performed using the TotalChrom Workstation (Version 6.1.2 for Windows) chromatography data system. The overall reactant/product molar fractions were obtained using detailed calibrations (not shown).
Catalytic System
The hydrogenation of p-CNB was carried out under atmospheric pressure at 493 K, in situ immediately after activation, in a fixed bed vertical glass reactor (i.d. = 15 mm). The catalytic reactor was operated under conditions that ensured negligible heat/mass transport limitations. A layer of borosilicate glass beads served as preheating zone where the organic reactant was vaporised and reached reaction temperature before contacting the catalyst. Isothermal conditions (±1 K) were maintained by diluting the catalyst bed with ground glass (75 lm); the ground glass was mixed thoroughly with catalyst before insertion in the reactor. The reaction temperature was continuously monitored using a thermocouple inserted in a thermowell within the catalyst bed. The reactant (p-CNB as a solution in ethanol) was delivered at a fixed calibrated flow rate to the reactor via a glass/Teflon air-tight syringe and Teflon line using a microprocessor controlled infusion pump (Model 100 kd Scientific). A co-current flow of p-CNB and H 2 (\1 % v/v p-CNB in H 2 ) was delivered at a GHSV = 330 min -1 with an inlet reactant molar flow (F) in the range 0.7-3.2 lmol min -1 . The H 2 flow rate was monitored using a Humonics (Model 520) digital flowmeter, where the H 2 content was maintained well in excess of the stoichiometric requirement. The mass of catalyst to inlet p-CNB molar feed rate (m/F) spanned the range 2.6 9 10 -3 -7.9 9 10 -2 g min lmol -1 . As a blank test, passage of p-CNB in a stream of H 2 through the empty reactor did not result in any detectable conversion. The reactor effluent was frozen in a liquid nitrogen trap for subsequent analysis. Fractional hydrogenation (X p-CNB ) was obtained from
and selectivity with respect to p-CAN, as the target product, is given by
Repeated reactions with different samples from the same batch of catalyst delivered conversion/selectivity values that were reproducible to within ±7 %.
Results and Discussion
Mo 2 N
b-Mo 2 N Characterisation
The XRD pattern of the MoO 3 precursor is shown Fig. 1a Fig. 1f ). It should be noted that there were no detectable signals due to Mo or oxide species, a result that confirms the complete transformation of MoO 3 to b-Mo 2 N, where the passivation step served solely to provide a superficial oxide film without bulk oxidation [19] . In order to check for a possible c-phase content, the sample was subjected to a single crystal analysis using the TOPAS software for lattice parameter optimisation and the results are presented in Table 1 . The residual error obtained from adjusting the d-spacing to tetragonal b-Mo 2 N was significantly lower when compared with that obtained for cubic c-Mo 2 N. The lattice parameters from the adjustment to the b-form (a = 4.205; c = 8.045) are very close to those for the JCPDS-ICDD standard . Moreover, the nitrogen content (see Table 2 : 5 % w/w, bulk Mo/N = 2.7) is in good agreement with reported values of 2.6-2.7 [18, 19, 40, 41] 
The synthesised b-Mo 2 N was examined by TEM and a representative image is shown in Fig. 21a where the intensity profile (see inset) yielded an average d-spacing of 0.24 nm, consistent with the (112) plane of b-Mo 2 N. SEM analysis was also conducted to evaluate morphological features and the representative micrograph presented in Fig. 22a shows an aggregation of small crystallites (\5 lm). A b-Mo 2 N crystal structure containing ensembles of varying sizes (\10 lm) has been reported elsewhere [14, 18, 20] . As the starting MoO 3 is characterised by a platelet morphology [42] , the disruption of the orthorhombic precursor structure in the reduction/nitridation process (MoO 3 ? MoO 2 ? Mo ? Mo 2 N) is the result of a non-topotactic transformation [8, 14, 19] . Cairns and co-workers [20] attributed the formation of small b-Mo 2 N ensembles to water release/particle expansion during precursor reduction, following the model of Sloczynski and Bobinski [43] . It has been proposed [28] that passivation of Mo 2 N results in the formation of one or two chemisorbed oxygen layers. Surface characterisation by XPS generated the spectra over the Mo 3d BE region for the MoO 3 precursor (a) and b-Mo 2 N (b) presented in Fig. 3 . The XPS profile for MoO 3 is characterised by a sole spin-orbit doublet with a Mo 3d 3/2 BE = 236.6 eV that is characteristic of Mo 6? [44] . Removal of the passivating oxide layer from Mo 2 N by Ar ion sputtering has been demonstrated elsewhere [44] . Sputtering was employed in this study to analyse the depth-profile composition of b-Mo 2 N and mimic surface composition under reaction conditions. The XPS profile of the passivated sample (Fig. 3b1) shows a principal XPS peak at BE = 228.7 eV that is characteristic of Mo
. The occurrence of a detectable signal at 236.4 eV is consistent with a partial oxidation to Mo 6? as a result of passivation [44] . While the hexavalent Mo signal in the precursor is strong and well defined, it is appreciably weaker for the Ar ion sputtered sample, demonstrating the near complete removal of the passivation layer (Fig. 3b2) .
The temperature requirements for the removal of this oxide overlayer were analysed by TPR and the resultant profile, shown in Fig. 4a1 , is characterised by a positive peak with a maximum intensity at 637 K. Hydrogen consumption at temperatures over the range 637-740 K during TPR of passivated b-Mo 2 N has been reported previously [11, 19, 28, 48] . The H 2 consumed (303 lmol g -1
) is recorded in ), as has been noted elsewhere [49] . A search through the literature has failed to unearth any study where quantitative measurements of H 2 chemisorption on b-Mo 2 N are recorded. However, NMR [50] and IR [4] analyses suggest that H 2 can adsorb on Mo 2 N at nitrogen deficient surface sites. Moreover, subsequent to adsorption, a heterolytic dissociation on Mo-N pairs (via the formation of Mo-H and N-H groups) has been proposed with migration to the sub-layers, which results in strong interactions [29, 30, 51] . A H 2 uptake of 42 9 10 -3 lmol m -2 was recorded (Table 2 ) during pulse (ambient temperature) chemisorption analysis. Total surface hydrogen was evaluated by TPD and the resultant profile is presented in Fig. 5a1 . The XRD pattern (not shown) of b-Mo 2 N post-TPD was unchanged, demonstrating that the crystalline structure did not suffer any detectable alteration. Moreover, the nitrogen content (from elemental analysis) was also unchanged; it has been established that loss of nitrogen from b-Mo 2 N requires temperatures in excess of 1,000 K [15] . The TPD profile is characterised by a broad peak (T max = 806 K) where the H 2 released (0.4 lmol m ) is appreciably greater (by an order of magnitude) than that measured in the chemisorption step and must result from hydrogen uptake during TPR. Taking an overview of the limited available literature, the amount of H 2 desorbed (up to ca. 4 lmol m ) and associated T max (370-800 K) appear to depend on nitride synthesis, pretreatment and surface area [28, 30] . High temperature (700-800 K) desorption has been associated with loss of H 2 from the bulk nitride as opposed to desorption from surface sites [30] .
Intensity (a.u.)
Mo 3d . A reduction in surface area was observed after passivation, as noted for b-Mo 2 N. The nitrogen content of both c-Mo 2 N samples ( Table 2 ) was equivalent (6 % w/w, bulk ratio Mo/N = 2.2) and agrees with values reported in the literature [46, 52] Fig. 22b, 2c ) has revealed the predominance of large (ca. 15 9 25 lm 2 ) platelet crystals with secondary, smaller (ca. 2 9 10 lm 2 ) rod-like formations. This suggests a retention of the platelet morphology characteristic of MoO 3 and a topotactic MoO 3 ? Mo x N y O 1-y ? c-Mo 2 N transformation [25, 53] . The crystal size for both c-Mo 2 N samples is greater when compared with b-Mo 2 N, as has been reported previously [18] .
As . c-) where differences in the exposed planes and surface composition can affect oxygen interaction with the nitride surface. Moreover, there is some consensus [29, 50, 51, 59 ] that hydrogen uptake occurs at unsaturated surface Mo sites. Higher (Table 2) was the same on both c-Mo 2 N samples but was significantly lower (by a factor of 3) than that recorded for b-Mo 2 N. In contrast, Choi and co-workers [30] found that H 2 uptake capacity increased in the order, b-Mo 16 N 7 \ d-MoN \ c-Mo 16 N 7 . They attributed this to a reduced number of Mo atoms on the surface of b-Mo 16 N 7 . We observe the opposite effect with a higher Mo/N surface ratio for b-Mo 2 N relative to c-Mo 2 N. Hydrogen TPD from c-Mo 2 N-a (b1) and c-Mo 2 N-b (c1) generated the profiles presented in Fig. 5 with an equivalent H 2 release (0.2 lmol m -2 ) at T max = 825 ± 2 K, which is within the range (820-898 K) reported elsewhere [28, 60] . The shift in H 2 desorption to a higher temperature (by ca. 20 K) for c-Mo 2 N relative to b-Mo 2 N suggests stronger interaction. Total H 2 desorbed from c-Mo 2 N was lower (by a factor of 2) than that recorded for b-Mo 2 N, where the latter exhibited greater H 2 consumption (per surface area) in the TPR and chemisorption measurements. These results suggest a dependence of surface hydrogen content on crystallographic phase that can be linked to surface Mo/N.
Catalytic Results
Selectivity is the key challenge in the hydrogenation of p-CNB, i.e. exclusive -NO 2 group reduction without C-Cl bond scission. Dechlorination results in the formation of nitrobenzene (NB) with subsequent hydrogenation to aniline (AN) as shown in Fig. 6 . Published articles [61] [62] [63] dealing with selective nitroarene hydrogenation have identified steps employed to improve selectivity, notably use of additives/promoters (e.g. NaHS and KOH) [64, 65] , support modifications (in terms of Lewis acid-base properties and formation of oxygen vacancies) [66, 67] and metal dispersion [68] . Hydrogenation of p-CNB over b-Mo 2 N, c-Mo 2 N-a and c-Mo 2 N-b generated p-CAN as the sole product, with no evidence of dechlorination. This finding in itself is significant as composite hydrodechlorination/hydrogenation (to form NB/AN) is a feature of reaction over conventional transition metal catalysts, i.e. Ni [69] , Pt [70] and Ru [71] . Hydrogenation selectivity can be attributed to effective polarisation of the N=O group via surface interaction that renders the nitro function susceptible for hydrogen attack [72] . Indeed, -NO 2 adsorptionreduction on Mo has been demonstrated elsewhere [73, 74] and Chen and Chen [69] have shown that the addition of Mo to nickel borides promoted selective nitro-group reduction while suppressing the dehalogenation step.
A temporal decrease in fractional p-CNB conversion (X p-CNB ) with time on-stream was observed, which can be expressed in terms of the empirical relationship [75] 
from which a value for the initial conversion (X 0 ) can be obtained, where X 30 h represents fractional conversion after 30 h on-stream and b is a time scale fitting parameter. A representative (b-Mo 2 N) time on-stream response is shown in Fig. 7a where it can be noted that a near steady state conversion was attained after ca. 15 h and maintained for 30 h of continuous operation. The applicability of a pseudo-first order kinetic treatment has been established for related catalyst systems [75] .
where m/F corresponds to the mass of catalyst relative to inlet p-CNB molar feed rate. The pseudo-first order kinetic plots for b-Mo 2 N, c-Mo 2 N-a and c-Mo 2 N-b are included in Fig. 7b-d . The linear fit (passing through the origin) confirms adherence to the kinetic model. The extracted raw rate constants (k, lmol g -1 min -1 , Table 3 ) follow the order, c-Mo
In order to differentiate between the effect of surface area and crystal phase on the catalytic activity, the comparison must be based on specific rate (k 0 , lmol m -2 min -1 , Table 3 ). Both c-Mo 2 N-a and c-Mo 2 N-b delivered an equivalent specific activity (35 ± 2 9 10 -2 lmol m -2 min -1 ) demonstrating that, for a given crystallographic phase, the intrinsic activity is independent of surface area. A significant finding is the appreciably higher specific rate recorded for Table 2 ) surface sites. The results demonstrate that p-CNB hydrogenation performance is sensitive to the nitride phase where rate is proportional to surface area.
Au/Mo 2 N
Preparation and Characterisation
Catalyst supports, notably metal oxides, exhibit a characteristic pH-dependent surface charge [76] . The pH associated with the point of zero charge (pH PZC ) is a critical property that determines the solution pH requirements to ensure effective precursor-support interactions during catalyst preparation by D-P [77] . When pH \ pH PZC , the support bears a positive charge (due to protonation), favouring interaction with anionic species in solution and a pH in excess of pH PZC results in a surface affinity for cationic species [78] . Fig. 8 . Initially, solution pH \ pH PZC and an electrostatic interaction between anionic gold species in solution (HAuCl 4 and/or Au(OH)Cl 3 -) and the positively charged support is favoured [38] . The surface sites act as nucleation centres for Au deposition [80] . The progressive decomposition of urea, as a result of the increase in temperature (up to 353 K), led to a gradual increase in solution pH where pH [ pH PZC . The support develops a negative surface charge resulting in an electrostatic repulsion with anionic gold species. A combination of chemical and electrostatic interactions between the precipitating species and the support are required to facilitate metal deposition [77] . Moreover, supports with a greater surface area can facilitate a more homogeneous nucleation, resulting in the formation of Table 2 ) are below the nominal 1 mol.%, which can be associated with the low pH PZC that characterises the three nitride supports. A similar interpretation was proposed for a lower than expected Au content resulting from deposition on SiO 2 (pH PZC = 2.2) [81] . The range of Au loadings obtained in this study can be correlated to the synthesis time where solution pH \ pH PZC , which was shortest (65 min) for b-Mo 2 N, representing less favourable conditions for Au deposition resulting in the lowest metal content. The Au loading on both c-Mo 2 N supports with similar times at pH \ 3.3 (pH PZC ) was essentially equivalent. A concomitant increase in BET surface area and pore volume was observed after Au inclusion (Table 2) . A similar phenomenon has been observed for the deposition of Pd and Au on boron nitride [82] and attributed to the development of nanopores during thermal treatment (drying and activation) with the release of water incorporated during deposition. The TPR profiles associated with Au/bMo 2 N (a2), Au/c-Mo 2 N-a (b2) and Au/c-Mo 2 N-b (c2) are presented Fig. 4 . Each is characterised by a principal H 2 consumption peak with T max = 606 ± 4 K ascribed to passivating layer removal where the incorporation of Au resulted in a decrease in reduction temperature (by up to 60 K, see Fig. 4a1-c1) . A similar effect has been noted elsewhere [58] for the TPR of passivated Mo 2 N, i.e. shift to lower temperature by up to 140 K, following Ni introduction. Moreover, the incorporation of Au on reducible carriers, e.g. Fe 2 O 3 [83] and Ce x Zr 1-x O 2 [84] has resulted in a significant decrease (by up to 400 K) in the temperature required for partial reduction of the support. Reduction of oxide supported gold (Au 3? ?Au 0 ) prepared by D-P has been reported to generate a TPR peak at T \ 500 K [67] . This was not a feature of this study, suggesting a transformation of the Au precursor to metallic Au during preparation (pre-TPR). This has been reported previously [85] , notably in the synthesis of iron oxide supported Au by co-precipitation. A reductive deposition of Au can occur on surface oxidised Mo species (postpassivation [86] can act to reduce the Au precursor. The incorporation of Au was accompanied by greater H 2 consumption during TPR (Table 2 ). This can be linked to (i) the increase in surface area and (ii) hydrogen spillover (from Au). It is known that H 2 chemisorption on supported Au is limited when compared with platinum group metals [87] but dissociative adsorption can proceed on low coordination Au sites, i.e. at edges and corners [88] . The three Au/nitride samples exhibited a measurable increase in H 2 chemisorption relative to the nitride support (Table 2) . Hydrogen TPD generated the profiles shown in Fig. 5 for Au/b-Mo 2 N (a2), Au/c-Mo 2 N-a (b2) and Au/c-Mo 2 N-b (c2). In each case, the incorporation of Au resulted in a significant increase in the amount of H 2 released (see Table 2 ). The TPD profiles present a principal peak (746-813 K) at a lower temperature (by up to 60 K) than that recorded for the nitride with an additional higher temperature (933 K) shoulder. These results indicate that the addition of Au results in greater capacity for hydrogen uptake (and subsequent release) with a distinct TPD response relative to the starting nitride. Transmission electron microscopy was employed to obtain a measure of Au particle size. Representative (1) medium and (2) high magnification TEM images with particle size distributions (3) For the three catalysts, the Au particles (number average mean of 4-7 nm) are predominantly within the size range (B10 nm) that has been deemed critical for hydrogenation activity [89] . The smaller mean Au size associated with c-Mo 2 N (see Table 2 ) can be ascribed to the prolonged deposition time where pH \ pH PZC (see Fig. 8 ), resulting in stronger interactions with the support that minimise particle agglomeration.
Catalytic Results
The chemoselective hydrogenation of nitro-compounds over oxide supported Au is now established [61, 62, 90] . It has been shown that Au catalysts preferentially promote N=O reduction over other reactive functional groups, such as C:N [91] , C=O [90] , C=C [62] , Br [75] and Cl [92] . Activity and selectivity are dependent on Au particle size [93] and the nature of the support [61] . In the gas phase hydrogenation of p-CNB, we have demonstrated exclusive nitro-group reduction over Au supported on non-reducible (SiO 2 , Al 2 O 3 ) [94] and reducible (CeO 2 , TiO 2 , Fe 2 O 3 ) [92] carriers. The results of this study demonstrate that this chemoselective response extends to Au supported on b-Mo 2 N and c-Mo 2 N where reaction exclusivity to p-CAN was maintained. Moreover, incorporation of Au enhanced hydrogenation performance, as shown in Fig. 7 , where the specific rate delivered by Au/b-Mo 2 N exceeded that obtained with both Au/c-Mo 2 N (Table 3 ). Increased activity due to Au inclusion can be linked to an increase in reactive hydrogen as established by TPD analysis.
Conclusions
Temperature programmed treatment of MoO 3 in flowing N 2 ? H 2 was used to synthesise tetragonal b-Mo 2 N (7 m 2 g -1 ) and cubic c-Mo 2 N (36 and 66 m 2 g -1 ). The c-form exhibits a platelet (ca. 15 9 25 lm 2 ) morphology whereas b-Mo 2 N takes the form of aggregates of small (\5 lm) crystallites. Passivation of the synthesised samples provided a protective oxide layer that prevented bulk oxidation and facilitated ex-situ handling. In the synthesis of Au/Mo 2 N, solution pH exceeded support pH PZC (3.4 ± 1) resulting in a less favourable surface interaction with the anionic Au precursor. This was particularly pronounced in the case of b-Mo 2 N and resulted in lower Au loading and the formation of larger Au particles (mean diameter = 7 nm for Au/b-Mo 2 N vs. 4 nm for Au/cMo 2 N) after activation. TPR to 673 K was necessary to remove the passivation layer where the inclusion of Au shifted the TPR profile to lower temperatures (by up to 60 K). 100 % selectivity to the target p-CAN product in the hydrogenation of p-CNB was achieved over Mo 2 N, regardless of the phase. Hydrogen TPD analysis has established H 2 uptake on each nitride during TPR where b-Mo 2 N exhibited a higher specific (per unit area) H 2 content relative to c-Mo 2 N. This is associated with a greater number of nitrogen deficient sites on b-Mo 2 N (as established by XPS analysis), which translates into a higher specific selective hydrogenation rate. An equivalent specific rate was obtained for both c-Mo 2 N samples, indicative of invariance with respect to surface area. The addition of Au served to increase H 2 uptake capacity and elevated hydrogenation rate where p-CAN was again the sole product; Au/b-Mo 2 N outperformed Au/c-Mo 2 N. Our results demonstrate that the combination of Au with Mo 2 N is a viable catalyst formulation for selective nitroarene hydrogenation.
